Abstract All glass micro-structured optical fibers can provide new practical solutions for many areas of applications. It also offers new properties and functionalities. This talk reviews recent advances in the area of all glass micro-structured optical fibers for large effective mode areas for highg power fiber lasers .
Introduction
In addition to many unique guiding properties of PCFs with air holes, they are also promoted for the fact that only silica is required for the construction of such fibres. More than a decade of research has lead to many important developments such as PCFs for super-continuum generations [1] and PCFs with hollow cores [2] , where high refractive index contrast between silica glass and air is critical. In many other areas of applications, a high refractive index contrast is not essential and often undesirable. One example is in the area of fibres with large effective mode areas for power scaling in fibre lasers. Here, a lower refractive index contrast is much more desirable.
Furthermore, a periodic cladding matrix such as those found in typical PCFs is only necessary for fibres relying on photonic band gaps as primary means of guidance. In most other applications, nonperiodic cladding, referred to as micro-structured fibres here, can often provide more design flexibilities. These micro-structured fibres with low refractive contrast can be made from commonly known silica and fluorine-doped silica glass.
An additional benefit of the all glass microstructured fibres is that the elimination of the air holes provides a more production-friendly process both for the fabrication and use of the fibres by removing the uncertainties in air hole collapsing under strong surface tension in the fibre drawing and splicing process. In this talk, we will review some of the recent development of all glass micro-structured fibres in the area of fibres with large effective mode areas.
Leakage channel fibres
Leakage channel fibres (LCFs) differ from conventional optical fibres by breaking up the continuity of the core and cladding boundary. This broken boundary at the core and cladding interface in a LCF effectively ensures that internal reflection cannot be satisfied everywhere, unlike in a conventional optical fibre, and, consequently, makes the waveguide leaky for all modes. This unique property of LCFs enables them to be precisely engineered to have high confinement loss for all higher order modes and low confinement loss for the fundamental mode, significantly extending the fundamental mode effective area comparing to that of a conventional single mode optical fibre [3, 4] . We essentially exploited the increased ability of higher order modes to leak through small gaps in the core and cladding boundary while maintaining good fundamental mode confinement.
LCFs with two layers of features is used as an example in fig. 1 A wide range of all glass LCFs are fabricated from core diameters from 35Pm to well over 100Pm. All fibres are made with silica glass as the background glass and slightly fluorine-doped silica glass as the features (refractive index is 1.2u10 -3 below that of the silica). LCFs with both circular and hexagonal features are fabricated and tested. The condition for the fabrication of LCFs with hexagonal features also creates LCFs with rounded hexagonal outline (see fig.  2 ). Such a shape is known to be preferred for the pump mode mixing in a double clad fibre where pump Measured mode pattern at the output of the fibres are also shown in fig. 3 . Mode, in general, is more sensitive to external stress on the fibre at very large core diameters, leading to the distortion on the mode pattern. Fig. 3 also summarizes bend loss measurements in LCFs with core diameters of 35Pm, 40Pm, 50Pm, 101Pm and 152Pm respectively. The fibre is first laid in prefabricated circular grooves with various diameters. Transmission at each coil diameters is then measured after the output mode pattern is confirmed. Absolute transmission of the fibres is measured by a separate cut-back measurement. The absolute transmission is then used to re-calibrate the relative bend loss measurement. The ability of LCFs to be bent diminishes very quickly as the core diameter increases. This effect is fundamentally related to the fact that the ability of guided modes to navigate a bend is related to how rapidly a mode can change its spatial pattern without breaking up while propagating, i.e. maintain adiabatic transition. As the mode gets larger, this ability to change diminishes very quickly.
Ytterbium-doped all glass LCFs is also fabricated by incorporating ytterbium-doped glass with refractive index closely matched to that of the silica glass. An example of such a fibre is shown in fig. 4 . This LCF is coated with a low index polymer, which guides pump with a pump NA of 0.45. This LCF has pump absorption of 11dB/m at the peak of ytterbium absorption at ~976nm. This LCF also has 2U=52.7Pm and d//=0.8. This gives simulated effective area of 1548Pm 2 at 1.05Pm. This LCF has a rounded hexagonal shape and a flat-to-flat dimension of 254.2Pm. The mode from a 20cm piece of this LCF is measured using a broad band super-continuum source followed by a band-pass filter. Captured mode at various wavelengths is shown in fig. 4 . It can be seen that fundamental mode operation is achieved in such a short length of fibre for wavelength as low as 800nm. This LCF is found to robustly guide the fundamental mode at ~1Pm. The output mode pattern is essentially independent of launch conditions. This test also shows that mode quality is not compromised by the incorporation of the ytterbium-doped glass in the core. It is further demonstrated that this LCF can be directly spliced to Hi1060. The splice loss is measured at 1.3μm away from the ytterbium absorption to be ~1.5dB. This is much lower than the expected ~10dB from modal overlap, indicating a significant level of mode-matching at the splice. No compromise of mode quality is observed when light is launched via Hi1060 at ~1Pm, demonstrating potential for all-fibre devices with much improved stability and reliability (see fig. 5 ). Additionally, active double clad all glass leakage channel fibres can be fabricated with highly fluorinedoped silica as pump cladding (see fig. 6 ). The new all glass leakage channel fibres have no polymer in the pump path and have independent control of fibre outer diameters and pump cladding dimension, and, therefore, enables designs with smaller pump guide for higher pump absorption and, at the same time, with large fibre diameters to minimize micro and macro bending effects, a much desired features for large core fibres where intermodal coupling could an issue due to much increased mode density. Stress rods can also be added for PM LCFs (see fig. 6 ).
All Glass Endlessly Single Mode Fibres
The first endless single-mode photonic crystal fibre (PCF) was demonstrated in 1996 [5] . It is the first application, followed by many others, where unique features of PCFs are demonstrated. In the case of an endless single-mode PCF, the dispersive nature of a photonic crystal cladding is used to make a fibre that supports single-mode operation over its entire range of guidance. The fibre possesses a short wavelength cut-off, due to diminishing guidance as a result of light's increasing ability to avoid air holes, and a longwavelength cut-off, due to the vanishing ability of the fibre to confine the localized mode at an increasing wavelength as in any conventional fibres. Using a multipole mode solver, Kuhlmey et al could accurately simulate confinement loss of modes in a PCF [6] . They gave an endless single-mode regime for PCFs with d//<0.406 [7] . The multipole method is also used here to evaluate confinement loss of the 2 nd order mode in all glass PCFs with refractive index difference between that of the low index glass features nF and the background glass nB 'n=nB-nF=1.2u10 -3 [8] . This low refractive index contrast is chosen because the fluorine-doped silica glass is commercially available and especially suitable for large core operation. The single mode and multimode boundary, i.e. 2 nd order mode cut-off, is summarized in fig. 7 as a solid line for the all glass PCFs, along with the corresponding dashed-line curve for PCFs with air holes [7] . Single mode regime is to the top-left of each curve while multimode regime is to the bottom-right of each curve. Endless single-mode regime is characterized by being single mode for the entire wavelength range. This requires d//<0.42 for the all glass PCFs, which is only slightly different from d//<0.406 for PCFs with air holes. This is remarkable, considering the refractive index contrast has changed by over two orders of magnitude in these two cases. This is, however, an indication that the dispersive behaviour of the photonic crystal cladding responsible for the endless single-mode regime is much more sensitive to the normalized geometry and much less to refractive index contrast at small O//. This is due to the fact that the overlap between the guided mode and the low index rods vanishes toward very small O//. It can also be seen from fig. 7 that the all glass PCFs also have a significantly increased regime of single mode operation for d//>0.42, reducing required normalized wavelength O// by over an order of magnitude. This is due to a significant reduction of the effective refractive index difference between the silica core and the composite cladding in the all glass PCFs, leading to a lower effective V value at the same d//.
An all glass PCF is fabricated with d//=0.36 and /=28.7Pm using silica background and fluorine-doped silica rods in the cladding, using the standard stackand-draw technique. The cross section of the all glass PCF is shown in fig. 8 along with a 2D refractive index scan of the fibre. Birks et al have pointed out that, at long wavelength cut-off, PCF behaves like a standard fibre and, at short wavelength cut-off, the critical bending radius of a PCF approximately sales as The fabricated all glass PCF has normalized wavelength O//|0.035 at O=1Pm. This certainly put the fabricated PCF in the short wavelength regime and its critical bend radius would scale with cube of core radius to be at least three orders of magnitudes larger than that of the PCF reported by Birks et al [9] to be estimated at several meters. To characterize mode properties at different wavelengths, light from a broad band supercontinuum source is filtered by a 10nm band-pass filter and is then focused down to a size matched to the MFD of the fibre mode to launch it into a straight 20cm length of the fabricated all glass PCF. Clear single mode operation at 1.05Pm is observed with no sign of any guided higher order mode in the core even for such short length of fibre. The band-pass filter is then changed to a second band-pass filter centred at a different wavelength. The launch optics is re-adjusted to match the mode size at the new wavelength. Mode at the new wavelength is then measured. Measured output mode patterns are shown in fig. 8 along with the simulated mode at 1000nm. Loss of fundamental mode guidance is observed at below 800nm. This would give us a maximum 2U/O of ~60. The simulation gives an effective mode area of 2147Pm 2 at 1Pm wavelength.
The loss of the fabricated fibre is estimated to be less than 0.1dB/m at ~1Pm when kept straight, dominated by material losses.
Conclusions
All glass micro-structured fibres enables access to many new 2D designs beyond conventional optical fibres while maintaining the ease of fabrication and use akin to that of conventional optical fibres. This new technology has proven to be especially useful for single mode operations in fibre with core diameters much beyond conventional optical fibres. These fibres are starting to find significant applications for power scaling in fibre lasers, potentially enabling fibre lasers to be able to compete with solid state laser in offering pulsed laser systems of high peak powers for material processing and biomedical applications.
